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Abstract
This study ~nvestigated the utilization of Computer tomography to analyze
heavy metal distribution into porous media. To begin this research, experiments
.. were also·conducted to qualify the CT pixel intensity ofheavy metal concentrations
com,posed of chlorides and nitrates. CT Scans were then conducted on dry samples
ofglass beads, kaolinite, Coon clay, Chrin sand, and silica sand. Samples were
scanned at different water contents and then at saturation to obtain porosity
distributions. Lead nitrate solutions were used because it gave the bestsignature CT
image. X-ray computerized tomography was also used to obtain saturation
distributions at different pore volumes ofwater and contaminant injected.
The research goals aim to qualify and quantify the following phenomena:
1. One-phase flow in porous media. The displacement ofwater by lead during
the flow experiments is one area of focus in this experiment. Another focus is
the effectiveness with which the lead is then replaced with water.
2. The CT-concentration relationship along the length of the sample. The
different shades of the grayscale highlight the areas of different
concentration.
3. The CT changes were monitored closely to analyze the flow of contaminant
through the soil samples. Post experiment analysis allowed for the
reconstruction of contaminant flow through the medium. CT scans of dry and
wet samples were also observed and used to deduce porosity distributions.
xiii
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Chapter 1
Introduction
Since the earliest civilizations, groundwater has been polluted with both
natural and man-made substances, as well as materials which are naturally present in
water as ,trace elements, but which become toxic at high concentrations. Prime
examples of this case are heavy metals such as arsenic, cadmium, chromium, lead,
and mercury, which can enter the environmeut at elevated levels from smelting
plants, metal plating industries, mine tailings and battery production, just to name a
few. Whatever the source, an unacceptable environmental condItion is created which
costs government and industry billions of dollars each year for clean-up efforts. As
Superfund approaches its twentieth anniversary, it has become painfully clear that
many commonly employed groundwater remediation methods have not been
successful. Active methods such as "pump and treat" have been shown to be
effective only during operational time frames, and once discontinued,'contaminants
ofteri reach pre-treatment levels.
If groundwater is to.continue to play an.important.role in the development of
the world's water-resource potential, then it will have to be protected from the
increasing threat of subsurface contamination. Therefore studying and
understandi.ng flow patterns in porous media is imperative for management of
currently generated waste sites and remediation .of sites contaminated by past
---------- ~-~-- --
practices. For prediction of contamination removal and management, it is important
to understand the groundwater processes involved for porous media.
There is limited knowledge on nondestructive detection ofheavy metals in
porous media utilizing medical imag~ng. The majorityofCT·geomechanical
applications have been performed by the petroleum industry to investigate oil cores
,
quantitatively and qualitatively.... Kantzas (1990; 1991) and Grader et al. (1996) have, .
written comprehensive guides to CT use and current applications in non-medical
areas such as the oil industry. Applications in the petroleum industry include the
.following:
• Determination of oil core porosity and bulk density
• Multiphase flowvisualization (gas/liquid)
• Oil 'reservoir characteristics (rock heterogeneities, fractures, barriers,
minerals)
• Core analysis and well logging
• Relative permeability.
A major area of application of CA scans is contaminant transport
mechanisms through porous media. Computer tomography can provide a qualitative
and quantitative distribution of contaminant concentrations in porous media. The
purpose ofthis study is to utilize the CT scan to monitor the movement ofheavy
metal contaminants through porous media.. To accomplish this objective, the
following tasks were conducted:
2
1. Calibration curves were developed for heavy metal solutions to compare the
concentration with the CT number.
2. Calibration curves were developed for porous materials and rock to illustrate
how the material density affects the CT number.
3. One-phase fluidflow experiments were conducted utilizing lead nitrate being
advected through Berea sandstone. The experiment was conducted in four
stages: dry, saturation, lead flooding, and lead unloading.
4. Analyses of the CT scans were conducted to determine the porosity
distribution, visualization ofthe contaminant distribution through the porous
media at various time intervals.
3
Chapter 2
Literature Review
Computer aided tomography, CAT scan (CT scan), is a scanning technique
that combines computer andX-ray technologies. For CT scan, placing the soil
sample on a narrow table that slides into the scanner produces a scan. An X-ray tube
built into the Scanner emits anarrow X-ray beam as it rotates around the body.
Detectors that lie on the opposite side of the X-ray tube record the radiation that
passes through the body. Each detector emits tiny flashes of light in proportion to
the amount of radiation it receives. A computer measures the flashes of light,
.
magnifies them into thousand fold, and then stores their location and brightness in its
memory. Since two different X-ray energies are used~ the density or effective atomic
number can be determined. This process results in two images: bulk density and
effective atomic number. From this information, the computer constructs a three-
dimensional image that represents a cross section through the sample. Using
appropriate computer software generates three-dimensional images. As a result,
CAT scans can be utilized to determine the movement ofDNAPLs through porous
media.
Recent studies have been conducted that utilize CAT scan to characterize the
porous media (rocks) (petrovic et aI., 1982; Hainsworth and Aylmore, 1983; Wang et
at, 1984;Crestana et al.,1985; Crestana et aI., 1986; Brownet aI., 1987; Anderson
4
et al., 1988; Jenssen and Heyerdah1, 1988; Grevers et al., 1989; Stuede et al., 1990;
Anderson et al., 1990; Banal andlslam; 1991; Coshell et al., 1991; Tollner and
Verma, 1991; Jasti and Feltkamp., 1990; Vinegar et al., 1991; Wllde, 1993;
Borchardt, 1994; Toye et al., 1998). These investigations have been used to
determined variations in soil bulk density, water content, homogeneity, spatial
variations soil properties, and flow and transport phenomena. A major area of
application of CT scans is contaminant transport mechanisms through porous media.
Attenuation coefficient relationships need to be developed to determine contaminant
concentrations in porous media.
__ .. gxtensive work in the petroleum industry has been conducted on the use of
-- _ .._-_.~ .'~ - ._- -- -------._- - .. _-_... -_. ~~.- - --- ... _._~---_. ---- -- ".' - .- ---
the CT for rock analysis (Bergosh etal., 1985; Fabre, et al., 1989; Jasti and
Feltkamp, 1990; Ferguson et al., 1991; Vinegar et al., 1991; Narayanan and Deans,
1991; Peters et aI, 1993; Coles., 1995; Grader et al., 1996; Alajmi, 1999). Typical
petroleum related areas of application include:
• Determination of oil core porosity and bulk density
• Multiphase flow visualization (gas/liquid)
• Relative permeability measurements
• Oil reservoir characterization (rock heterogeneities, fractures, barriers,
minerals)
• Core analysis and well logging.
Soil-matrix fluid flow determination ofphase saturation in porous media is
one ofthe most cOmlnon1y"uses oftheCT.Wanget al. (1984) studied Oil
...; 5
,._, ...,•..... -
saturations distributions histories in Berea sandstone core. Mirotchnik and Kantzas
(1999) studied the pore structure and fluid flow properties of soils in reference to
contaminant transport. From the use of CT, they were able to monitor qualitative
changes in the soil matrix induced by the presence of an aqueous phase and a
contaminant phase. Their results'indicated that the contaminant (that happened to be
a pesticide in these tests) interacted with the soil matrix and reduced the ability of
water to interact with the soil.
Toye et al. (1996) modeled experiments ofmultiphase flow in packed beds
by computer-assisted X-ray tomography. The high resolution, obtained by
CQ1JlPl!t~r-allsisted X-ray tomography, was used to investigate various scale
. -- ---',-- _ ..- -. .":"'---.. .
-__" _--,.:..c-. '~'-----'---'-'-=...:.....-~-=
. 'heterogeneities of the flow texture characterizing multiphase flow in packed beds.
Grader,etal.(1999)investigatedtwo-phase flow in fracturedporous medium
using X-ray CTtec1ullques.)CT scans were taken atdifferent points of a layered
Berea core that was fractured intemallY. Quantification ofthe interactionbetween
the fracture and the matrix and the movement ofdisplaced and displacing fluids·' in
the core was monitored by CT imaging.
6
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Chapter 3
Materials
3.1 Metals
Chloride and nitrate solutions were prepared for several heavy metals
ranging in concentration from 25 ppm to 20,000. The heavy metals that we fo~used
on were Aluminum, Calcium, Copper, Iron (III), Nickel, Sodium, Lead, andZinc.
The chemical and physical properties, release patterns, environmental fate and
drinking water standards are listed in the sections that follow. Table 3.1 illustrates
the National drinking water regulations as promulgated by the Environmental
__ Prot~ctiPl1-Ag@.9Y.Nati(?U~LSe.cdn4ary Water Regulations (NSDWRs) orsecondary
---- -- --~ ---- .---... -~ .~-~-------.-- ---
standards) are non-enforceable guidelines regulating contaminants that cause
cosmetic effects (such as skin ortooth discoloration) or aesthetic effects (such as
taste, odor, or color) in drinking water. EPA recommends secondary standards to
.water systems to comply. However, states may choose to adopt them as enforceable
standards. Copper and lead standards are regulated under the primary drinking water
standards, and aluminum, zinc, and iron are regulated under the secondary drinking
water standards. Table 3.2 outlines the physical properties of the heavy metals and
salt solutions used in this study including the atomic number, density, chemical
formula, and salt solubility.
7
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Table 3.1 National Drinking Water Regulation.
F
National Primary Drinkin~Water Regulations
Contaminant MCLG(mg/L) MCL(mg/L)
Copper 1.3 1.3
tLead 0 ~.015
Nitrate (measured as
Nitroeen) 10 10
National Secondary Drinkine Water Regulations
Contaminant Secondary Standard
lMuminum 0.05 to 0.2 m.g/L
Chloride 250 mgIL
Color 15 (color units)
Copper 1.0mg/L ", .
Corrosivity Noncorrosive
!Fbiotide' -- - -- --- --------.- - Q.~Omg/L - - -- -----------,---------..,.-_.-._-.
--- -'
IFoamin2 Agents 0.5 mg/L
[ron OJ mg/L
Man2anese 0.05mgIL
Odor ~ threshold odor number
pH 6.5-8.5
Silver 0.10 mgIL
Sulfate 250 mgIL
Total Dissolved Solids 500mg/L
Zinc 5mgIL
------~--------- ~~~~-~~~~~ -------------------------
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Table 3.2 Physical Properties of Salt Solutions.
Solubility Solubility
Atomic (g/lOO em3 at O°e) (g/lOO em3 at O°e)
Heavy Number Density
Metals (2) (!!1m}) Chloride Formula Nitrate Formula
Aluminum 13 2.702 Decomposes AICh Soluble AIN30 g
Calcium 20 1.54 159 CaCh 376 CaN20 6
Copper 29 8.92 107.9 - CuCh .. Soluble ..CuN20 6
Iron (HI) 26 7.86 535.7 FeCh Soluble FeN30 9
Lead 82 11.34 3.34 PbCI2 127 PbN20 6
Nickel 28 8.9 87.6 NiCh Highlv Soluble NiN20 6
Sodium 11 0.9 39.12 NaCI 180 NaN02
..' Ziric - _..• 30 - -7:14-' I- -615 ~I- ZnCh. Soluble ZnN20 6.--
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3.1.1 Lead
Lead is a bluish-white, silvery, or gray metal that is highly lustrous. It is very
soft and malleable, has a high density, and lowmelting point (U.S. EPA, 1997). Lead
is the fifth most important metal in the USA economy in terms of consumption. Of
this approximately 85% of the primary lead is produced domestically and 40-50% is
recovered and recycled. Eighty eight percent of the lead mined in the US comes· from
seven mines in the.New Lead Belt in southeastern Missouri; the rest coming from
eight mines in Colorado, Idaho, and Utah. Three of the six USA lead smelters are
from this region; the others are located in Idaho, Montana, and Texas. The major
sources of leadjncIQde,a111l1lunitiql1P~QdJ:1ction,.ferrous smelting, acid battery
_. , ----... ---- .•. ~-.:...-. - _ • ... ._r
breaking, mining, and firing ranges.
Lead may enter the enviro~ent during its mining, ore processing, smelting,
refining use, recycling or disposal. The initial means of entry is via the atmosphere.
Lead may also enter the atmosphere from the weathering of soil and volcanoes, but
these sources are minor compared with anthropogenic ones. Lead will be retained in
the upper2-5 cm of soil, especially soils with at least 5% organic matter or a pH 5 or
above. Leaching is not important under normal conditions. It is expected to slowly
undergo speciation to the more insoluble sulfate, sulfide, oxide, and phosphate salts.
3.1.2 Copper
Copper is reddish metal, which may occur in water as copper salts, the most
common ofwhich are the chloride, nitrate and sulfate salts. Copper occurs in
drinking water primarily due to its use in plumbing materials. Copper levels above
10
the MCLG are rarely found in raw drinking water supplies or in distributed water.
EPA estimates that only 66 water systems have copper levels in source water greater
than the MCLG.
Although copper rarely occurs in source water, the following natural and
artificial sources have been identified. Smelting operations and municipal
incineration are majorproducers copper. From 1987 to 1993, according to the
Toxics Release Inventory copper compound releases to lan(and water totaled nearly
450 million pounds,most ofwhich was on land. These releases were primarily from
copper smelting industries.
3.1.3 Nickel
Nickel is a silvery metal found only in combined form in nature. Production
ofnickel was 84.6 million lbs. in 1986, down slightly from 1982 report of almost 90
million lbs. Nickel carbonate is used in nickel catalyst production for organic
chemical manufacture, petroleum refining and edible oil hardening.
Nickel is foUnd in many ores as sulfides, arsenides, antimonides & oxides or
silicates; chief sources include chalcopyrite; others, are pyrrhotite, pentlandite,
gamierite, niccolite, and millerite. The principal natural form ofnickel oxide occurs
in admixture with nickel sulfides in varying proportions in weathered ore. Nickel
carbonate, found as the mineral zaratite, is a potential atmospheric and surface water
pollutant.
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Nickel is one of the most mobile of the heavy metals in the aquatic
environment. The mobility of nickel in the aquatic environment is controlled largely
by the capability ofvarious sorbents to scavenge it from solution. Although data are
limited, it appears that in pristine environments, hydrous oxides of iron and
manganese control niCkel's mobility via co-precipitation and sorption. In polluted
environments, the more prevalent organic material will keep nickel soluble. In
reducing environments, insoluble nickel: sulfide may be fonned. Nickelchloride is
water-soluble and is expected to releasedivalentnickeUnto the water.
-Zinc is one ofthe most common elements in the earth's crust. It's found in air,
1_
soil, and water, and is present in all foods. Pure zinc is a bluish-white shiny metal.
Zinc has many commercial uses as coatings to prevent rust, in dry cell batteries, and
mixed with other metals to make alloys like brass and bronze. A zinc and copper
alloy is used to make pennies in the United States. Zinc combines with other
elements to form zinc compounds. Common zinc compounds found at hazardous
waste sites include zinc chloride, zinc oxide, zinc sulfate, and zinc sulfide. Zinc
compounds are widely used in industry to make paint, rubber, dye, wood
preservatiyes, and ointments.
The following mechanisms summarize the environmental fate ofzinc:
12
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• Some is released into the environment by natural processes, but most comes from
activities ofpeople like mining, steel production, coal buming"and burning of
waste.
• It attaches to soil, sediments, and dust particles in the. air.
• Rain and snow remove zinc dust particles from the air.
• Zinc compounds can move into the groundwater and into lakes, streams, and
nvers.
• Most of the zinc in soil stays bound to soil particles.
• It builds up in fish and other organisms, but it doesn't buildup in plants.
EPArecommends that there be,no more th~n~pa~~ ofzinc in 1million parts
.-.- ---- -- --,;.. -- --.
ofdrinking water (5 ppm) because of taste. EPA also requires that releases ofmore
than 1,000 (or in some cases 5,000) pounds ofzinc or its compounds into the
environment be reported. The Occupational Safety and Health Administration
(OSHA) has set a maximum concentration limit for zinc chloride fumes in workplace
air of 1milligram of zinc per cubic meter of air (1 mg/m3) for an 8-hour workday
over a 40-hour work week and 5 mg/m3 for zinc oxide fumes. The National Institute
for Occupational Safety and Health (NIOSH) has set the same standards for up to a
lO-hourworkdayover a 40-hour workweek.
·13
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3.1.5 Iron (III)
Iron isa common metallic element found in the earth's crust. Iron can also
dissolve in water with the corrosion of iron, steel, or other metal surfaces. The more
corrosive the water (low pH) the greater the amount of dissolved iron. Presence of
ironin water is generally not a health problem. In fact, small concentrations are
essential t6 htiman health. However, high concentrations interfere with the
---~lIn~(l~rl!l1c:~Jlllg use of thewa!er. In ~~1lwater, the insoluble iron oxide is converted
to the soluble form of ferrous (dissolved) iron. Ferrous iron is colorless in solution,
but high concentrations will cause staining.of laundry and porcelain' fixtures, as well
as d_epc>sit a.pr~cipitate in pipes, tanks, and water heaters. Iron may give the water a
metallic taste making it unpleasant to drink.
3.1.6 Aluminum
Aluminum is the most plentiful metallic element in the Earth's crust.
Aluminum "is a silvery-white tough but lightweight metal. It is a good conductor of
electricity and is very resistant to atmospheric corrosion. The use of aluminum
includes electric equipment, cars, ships, aircraft construction, and culinary items.
Exposure to high levels of aluminum affects the breathing, the nervous system, and
bones. High levels of it can ~lso cause birth defects. Aluminum is found in at least
489 of 1416 National Priority Lists sites as identified by the U.S. Environmental
Protection Agency. The environmental fate of aluminum includes binding to
particles in the air, dissolving in lakes or streams, and plant uptake from soils. EPA
14
requires that spills intothe environment of 5,000 pounds or more of aluminum .
sulfate be reported. Special regulations are set for aluminum phosphide because it is
a pesticide. EPA recommends that the concentration of aluminum in drinking·water
not exceed 0.2 parts of aluminum per million parts ofwater (0.2 ppm)because of
taste and odor problems.
3.1.7 Sodium
Sodium is included on the Environmental Protection Agency (EPA) Drinking
Water Contaminant Candidate List (CCL). The issue of sodium posed a unique
chall~n..ge fortlJ.eAg~llcy_prioritys~ttin~ and ~on~ami~ant_candidate listing process.
On one hand, high levels of salt intake may be associated with hypertension in some
individuals. On the other hand, sodiumlevels in drinking water are usually low and '
unlikely to be a significant contribution to adverse health effects. Sodium is an
essential nutrient. The Food and Nutrition Board of the National Research Council
recommends that most healthy adults need to consume at least 500 mg/day, and that
sodium intake be limited to no more than 2400 mg/day.
3.1.8 Calcium
Calcium is the mineral in your body that makes up your bones and keeps
them strong. Ninety-nine percent of the calcium in your body is stored in your bones
and teeth. The remaining 1% is in your blood and soft tissues and is essential for life
and health. The recommended daily value for calcium is 1000 mg per day. In this_
15
./
study, two forms of calcium were utilized; Calcium chloride is typically used for
road deicing, additives in concrete, dust suppressant, water treatment, andpaper·
production. Calcium nitrate is used in the production of latex.
3.1.9 Heavy Metal Sample Preparation
The solubility of the chlorides and nitrates were identified so that the right
conc~ntrations could be prepared.. The m.ass of the salts were weighed and prepared
.in 1000ml flasks._Thesolutions were diluted to several concentrations varying from
10,000 ppm to 25 ppm. Higher concentrations were observed to provide better
signature, which resulted in a high-resolution image.
3.2 Soils
In this study, five soils (silica sand, Coon sand, Coon clay, kaolinite, and
glass beads) and Berea sandstone were used. The geotechnical properties of the soils
were tested following American Society for Testing and Materials Procedures.
Table 3.3 illustrates the physical properties of the soils used in this research. Grain
size distribution and compaction results from this research are presented below.
Figure 3.1 and Figure 3.2 shows the grain size distribution for Coon sand and Coon
clay. Figure 3.3 shows the compaction results for Coon clay.
Glass beads were also used in this research. The beads were A- 240 series
from Potter industries in Valley Forge, Pennsylvania. The beads had a range of sizes
2.0 rom -2.8 rom that represents U.S. Sieve 7 -- 10. The glass beads have a density
of2.50 glcm3 and a crush resistance of 14,000 - 36000 psi (96530 -248220 KPa).
16
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Layered Berea sandstone cores were used in this research. The cores had a
diameter of2-inches (5.0cm) and a length ofl1.25-inches (28.58). The cores were
purchased from Cleveland Quarries and were cut parallel to bedding. Berea
sandstone is an excellent building stone due to the composition of Quartz bonded by
Silica. The extreme hardness of the Quartz grains ofBerea Sandstone enables it to
preserve an abrasive non-slip surface. In addition to hardness, the quartz grains of
Berea Sandstone possess a chemical resistance to the erosive action of the acidic
.chemicals in the atmosphereoftoday's cities. The silica bond does not deteriorate
with time, exposure to water, or temperature change and so prolongs the longevity of
the stone. Table 3.4summarizes the physical properties of Berea sandstone.
-- _._-_ ..... _._------'--. _.. ._- -_._---_.- '- "- --~-_.. _--_ .. ' '--. '-, .,,---' ----;•.._-- _._-,.. .....:.-. .' ~-, -', --"
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Table 3.3 Physical Properties of Soils.
Slurry Properties . ASTMTest ChrinClay Chrin Sand Kaolinite Silica Sand
Method
Liquid Limit (LL) D4318-84 49 NA NA
Plastic Limit (PL) D4318-84 20 NA NA
Plasticity Index (PI) D4318-84 29 NP NA
% Fines D422-63 80 12.5 100 0
% Sand D422-63 15 78 0 100
Specific Gravity (Gs) D854-83 2.65 2.7 2.66 2.7
USCS Classification D2487-93 CL SW/SM CL SP
Visual Description D2488-93 Brown and Dark brown, White Light Brown
orange silty well-graded silty Manufactured Sand
clay, little sand Clay
gravel
- Optimum Water Content D698-83 23 15 61.9 8.5
(%)
--Maximum:Dry Unit.
--
_D69~-~~
c- -
14.5 kN/mJ 14.2kN/mJ 15.4 kN/mJ 17.9 kN/mJ
___L.
~-Weight -- -_._._-~- - _.... - -- - -- -_ .. _- -
Hydraulic Conductivity D5084-90, 8.9 x 10-8 2 X 10-2 1 X 10-7 1.2 X 10-2
(em/sec) D2434~74
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Figure 3.1 Grain Size Distribution.
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Figure 3.2 Compaction Test for Chrin Clay.
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Table 3.4 Physical Properties of Sandstones.
Property Units Value
Compressive Strength Psi (MPa) 11000-12000·(75-83)
Modulus of Rupture Psi (MPa) 700-1200 (4.8-8.3) .
Abrasion Resistance
-
9-11
Adsorption % 5.85
Density Kg/m3 2100-2200
Silica, Si02 % 93.13
Alumina, Ah03 % 3.86
Ferric oxide, Fe203 % 0.11
Ferrous Oxide, FeO % 0.54
Ma2nesium oxide,M20 % .... 0.25 ..
Calcium oxide, CaO % 0.10
Loss on 12nition % 1.43
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Chapter 4
Experimental Apparatus, and Procedure
4.1 Experimental System
A one-phase flow apparatus was utilized to conduct flow through porous media
experiments. The apparafus is capable ofperforming the-following-experiments:
• One-phase injection,
• Two-phase steady state injection
• Two-phase dynamic displacement.
The .experimentaJ~eJl.1p _utilized in this experiment was developed at Penn
---""". ,. --~--------- _. '-,. -:: e.,_ '-... '. __ • r-O""".-.:..._. ..~ '-_~;..._.__
State University as shown in Figure 4.1. The apparatus is capable of facilitating
more options such as flowing one-to-three fluids at the same time through one inlet
port to the core. The experimental system includes the following components:
injection and circulation system, core holder, and outlet system.
22
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Figure 4.1 A Schematic Diagram of Apparatus.
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4.1.1 Injection and Circulation System
The injection system consists ofthreepumps, three reservoirs and a series of
valves. Beckman 110B Solvent Delivery Modules provide the constant-rate
pumping to inject the fluid in the experiment. These modules were first utilized in
liquid chromatography. The Modules deliver a constant flow rate between 0.1 to 9.9
cm3/min. The pumps are also designed to transfer a flow rate absent ofpulsations at
a constantrate.
The valves connected to pumps A and B (Figure 4.1) allow for one or two
fluid to flow to the sample or provide re-circulation. This system enables the flow of
_tw~ fl~i~s if it was needed. An lI8-inch (0.32 cm)stainless steel tube connects the
reservoir to the injection valve. Teflon tubingisused to connect the core holder to
the flow system. Pore fluids are injected at three points in the core holder. For
steady-state injection in this project, fluids were drawn from a circulation reservoir
with a capacity of about 1000 cm~. The effluent was directed into the same
reservoir, and the amounts of each fluid retained in the core were computed by
material balance.
4.1.2 Core Holder
The core holder is a modified tri-axial system. And is made-from aluminum
tube that is.threaded at both ends. Figure 4.2 shows the core holder, which has an
. . .
inner diameter of 2.5 inches (6.4 cm) and a wall-thickness of~ inch (0.64 cm). Two
stainless steel end plugs are used to seal the sample. The inlet plug has sev:~n _
24
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OutJetPlug
Figure 4.2 A SchematicDrawing of the Core Holder.
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connections: three inlets, three outlets, and one differential pressure port. Two
connections are found at the outlet plug, which comprise of one outlet and one
differential pressure port. Three O-rings are placed around each end plug toprevent
the loss of fluids from the core. Two aluminum end caps, threaded at the interior
hold the two end plugs in place. An axial confiniiigsttessis applied to the sample by
the outlet end plug. Thecore.is placed in an elastic rubber jacket, whichlssecu.red
to the end plugs by wrapping aluminum wire aroundthe end plug.
4.1.3 Outlet System
__ .Th~Olltletj11a!1jf()1(:Ld.!!ec1s the Pll!l~t flujd fro~Jh~c~re o.r t~e fluid ~at ~s
bypassed to the steady-state circulation reservoir or to a fractional collector. The
outlet manifold is also used to put the system under vacuum. The core outlet port in
the manifold is connected to a vacuum pump and the inlet valves and other valves in
the outlet manifold are closed.
A fraction collector gathers the effluent in the case of dynamic displacement
on the basis of time or drops. It is set to collect about 10 cm3 of fluid into a 15 cm3
test tube. Towards the end of the dynamic displacement, the .15 cm3 test tubes were
replaced with 100 cm3 centrifuge tubes and the collection is conducted manually.
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4~1.4 X-ray CT Scanner
This study was conducted at Penn State University using the Picker CT
Scanner. The X-ray Scanner is a fourth generation scanner, where the X-ray source
rotates around the body and an array of 1200 stationary detectors placed on a ring
around the perimeter of the scanner collects the attenuation response. It operates at
130-kV and various current settings from 25-mA to 125-ti1A. In this study, the
resolution was set for a small body. In this setting, the system has a resolution of
about 0.5-mm inlength,0.5-mm in depth, and 2-mm in height, andthe axial
resolution is 2-mm. An individual slice is collected over a period of4 seconds. The
data are in a 11latrlEfonn of 512 by 512 pixels with 12 bit integer values in a
~ .- -', ~ - -',-' .... -' ,- ,,:..... --- ..__ .. _-_ .._-'--------------'--._'---
Hounsfield scale (CT units). Figure 4.3 shows a picture of the CT scanner used in
this study.
CT scanning employs X-rays energy to produce an image of the internal
structure of the cross sectional slice through an object. X-rays are emitted from a
source revolving around the object while a detector collects I-D projections of
.attenuated X-rays on the other side of the source. The image is obtained by
reconstructingthe matrix of linear X-ray attenuatiQn coefficients. X-rays move
through the slice and are attenuated by the material. Figure 4.4 depicts how a CT
image is reconstructed into the linear attenuation coefficients. The intensity ratio of
the X-rays is related to the attenuation coefficient by the following relationship
(4.1)
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Figure 4.3 Penn State Universal systems BD- 250 CT Scanner.
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Figure 4.3 Penn State Universal systems HD- 250 CT Scanner.
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ROCK SAMPLE .-
UNEAR -ATTENUATION
coEFFICIENT IMAGE PATTERN
Figure 4.4 Reconstruction of Linear Coefficients for -CT Scanner.
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where I is the incident X-ray intensity after passing through a thickness, 10, is the
initial. incident X-ray intensity, h is the thickness, and ~ is the linear attenuation
coefficient. The linear attenuation coefficient, ~, is the energy propagated through
an object and is related to the material density, chemical composition, and X-ray
source magnitude.
A discrete matrix represents a cross section image. The discrete matrix gives
the attenuation coefficients for a given pixel. Each pixel is a picture element of an
image having a corresponding voxel element in the slice. A voxel has an associated
attenuation capability, which represents the amount ofphotons transmitted. Voxel
and pixel sizes are a function of the X-ray machine being used. In these
experiments, the X-ray source has a maximum energy of200 kev, and current of400
rnA. This high speed CT scan used in this study is able to sample thicker slices of
the object.
The attenuation coefficient is directly related to the bulk density and atomic number
. where:
(4.2)
wh~re ~ is the attenuation coefficient, p is the bulk density, E is theX-ray energy,
and a and b are unknown constants. The attenuation coefficient is normalized to the
attenuation coefficient ofwater to determine the CT number per pixel (CTn). The
. 30
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CT number is computed using the following relationship:·
CT =(,uSample - Pwater)100j;
sample 1/
rwater
(4.3)
where·llsample and Ilwater are the attenuation coefficients of the sample and water,
respectively. .
CT numbers range from -1000 for air to +3000 or above for dense materials.
The CT calibration is extremely important for every research. There is no global
calibration for the CT Scanner. For fluid flow experiments, dry Berea was used as
the calibration material. .Calibration can be done with other materials that are
relative to one's research. The CT scale is not definite and does not represent any
intensive property.
4.2 Procedures
Astandard experimental procedure for conducting the fluid flow through
porous media studies is comprised of two steps: sample preparation and establishing
the initial saturations, and one-phase fluid flow.
4.2.1 Rock Preparations
In this study, Berea was utilized as the porous media in the fluid flow
experiment. The core was heated to 100 of for drying over a period of two days.
After placing the sample in a vertical position, the Nitrile rubber jacket was placed
over the coreand.the outletend-plug was secured at the top. To create the initial seal
31
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for the vacuum stage and the confining pressureconditions,Jl)e rubber jacket was
fastened to the end-plugs.
The aluminum sleeve of the core holderwas placed over the sample and the
inlet end-cap was secured. Moreover, the confining space was filled with water and.
the retaining ring was pushed into position. 'The end-caps were fastened·to the
aluminum sleeve. The confining pressure was introduced in a vertical position to
avoid any shifting of the. core withrespect to the end-plugs. The sample was placed
in the scanner to start the experiment:
c. _4.2_.Z.~~annillgP.!~cedures
The common procedure for conducting fluid flow experiments in porous
media were as follows:
1. A dry scanning sequence characterizes the structure of the sample and
observes its homogeneity.
2. A water saturation scanning sequence establishes a baseline for saturation
·computations. The core was saturated with water under vacuum and the
average porosity was determined by computing the bulkvolume of the core
.and by determining the water volume using mass balance. The dead volume
was 30 cc. The dead volume was the total volume of the connecting tubes
within the system.
3. Lead nitrate flooding scanning taken atdifferent values ofpore volume
injected provides fluid distributions in. the core and a second base line for
.32
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saturation computations. Lead was injected into the corein several stages.
Scanning ofthe core was done as the lead front moved through the sample.
Scanning was resumed after a four-hour wait to observe the behavior of the
lead within the matrix of the sample.
4. Water flooding scanning provides fluid distributions at various levels ofpore
ofwater injected. Table 4.1 summarizes of the length, diameter, bulk
volume,pore volume and porosity ofthe experiment.
5. Water was injected into the core in several stages. Scanning was done at
several stages throughout the experiment.
Table 4.2 shows the CT scan testing parameters for each phase of testing and
- - -.. - -.'" - -_ .... "' ,_=-0'-_ .. _._---,.: ~,___ .. _ ._..__._'._~.:. _.-_.-c._ _ ~
includes the CT voltage, current, spacing, resolution, number ofScans, and the test
time. The scans were done at 5-mm spacing for the dry and wet sequences. The lead
injection and the recovery phases were. scanned at l-cm spacing. Detailed scans at
spacing of 2-mm were carried out for closer observation. Over 1000 scans were
carried out in this research.
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Table 4.1
----- ------------~-
Berea Properties
Experiment Length Diameter Bulk Pore Porosity
Number. (em) (em) Volume Volume (%)
'(em~) (em3)
.
1 28.57 5.08 579.07 123 21.2
.
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Table 4.2 CT Testing Parameter for Each Phase of Testing.
Phase Voltage Current Spacing Resolution Number Time
(KV) (rnA) (mm) (mm) of Scans (hr)
Dry 120 50 5 2 56 1.5
Water 120 50 5 2 56 5
'"
Solution
Lead 240 1~0. _ 10 2 174 8
-
..
. Injection
Water 240 120 10 2 66 2
Recovery
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Chapter 5
Experimental Results
The experiments carried out in this research were used to study the
interactions between fluid flow in the porous media. First, heavy metal salt solutions
were observed using the CT Scanner. Second, soil samples were observed oil the CT
scanner. These above experiments were used to set up calibration curves for fluid
flow experiments. Finally fltrld flow experiments were conducted using lead nitrate
advecte4 through Berea Sandstone.
5.1 Heavy Metal Salt Solutions
The purpose of this portion ofthe research is to develop calibration curves for
the salt solutions to illustrate the trend in CT numbers as the salt concentration
increases. Heavy metal concentrations varied in concentration from 25 to 20,000
ppm. Heavy metal solutions were prepared in lOOO-ml volumetric flasks. The
solutions were stored in 120-ml plastic bottles for scanning. The plastic bottles were
held together in circular pattern with a six-inch (15.24 cm) plexiglass shell. The
concentrations of the samples increased from lowest concentration to highest .
concentration in a clockwise direction. The lowest concentrated sample has the
darkest image whereas the highest concentrated sample has the brightest image.
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Figure 5.1 illustratestheCT image oflead nitrat~. As the leadnitrate concentration
increased the pixel intensity and corresponding CT number increased. The brightest
image reflects the highest concentration ofheavy metal solutions gradually
decreasing to the image that represents the lowest concentration. Appendix A
illustrates theCT scans of the heavy metal solutions (Le. both nitrate and chlorides).
Figure 5.2 illustrates a graph ofconcentration versus CT number for lead.
nitrate and other nitrate solutions (AI, Ca, Cu, Fe, Ni, Na, Pb, Zn, Cu), and the
calibration curve shown in figure 5.2 illustrates the trend for each heavy metal. As
the atomic number and molecular weight of the heavy metal solutions increase, the
slope of the calibration curve decreases.
-_...- _ .. --_. --- •. 1. _.. . ~
Figure 5.3 graphs the calibration curve for chloride solutions (Calcium,
Copper, and.Sodium). Chloride solutions exhibit a similar trend to the nitrate
solutions where the concentration increases as the CT number increases. In general,
the chloride solutions have loyver CT numbers in comparison to nitrate solutions.
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Figure 5.1 CT Image of Lead Nitrate.
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Figure 5.1 CT Image of Lead Nitrate.
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5.2 Materials
CT scans were taken ofporous media and materials to develop a calibration
curve, which illustrates the trends for the CT number to material density. For the
silica sand, kaolinite, Chrin clay and sand, CT scans were taken of dry and wet
samples. Materials were also compacted at different densities. Figure 5.4,5.5, and
5.6 illustrates aCT imageofChrin clay, Coon sand, and glass beads, respectively.
Figure 5.7 provides calibration curves for porous materials. As the density of
the materials increases the CT number and pixel intensity increases. Figure 5.8
illustrates a CT Image and a plot of the CT numbers for a concrete block. The CT
. numbers forthe,concl"eteplockrange, froIJ.l_980 to 2250. Figure 5.9 illustrates the CT
images for berea, Mojave rock and Portland Iron. The CT numbers range from 800
to 1600. Berea which is the least dense of the three roc~s possesses the lowest range
ofCT numbers whereas Portland Iron has the highest CT number of 1600. Fig 5.10
,illustrates the CT image and a plot of the CT numbers of quartz submerged in a
container ofglass beads. The homogeneity of the quartz is demonstrated clearly in
the CT plot. The average CT Number of quartz is approximately 1750.
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Figure 5.4 CT Image of Chrin Clay.
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Figure 5.4 CT Image of Chrin Clay.
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Figure 5.5 CT Image of Chrin Sand.
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Figure 5.5 CT Image of Chrin Sand.
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Figure 5.6 CT Image of Glass Beads (2.8 mm to 2.0mm in Size).
44
2000
1500
~
~ 1000
,.Q
e
= 500Z
~
U 0
-500
-1000
Air Water =0 Concrete I3erea Mojave Rock Quartz
Materials
Figure 5.7 Porous Materials Calibration Curve.
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Figure 5.8 CT Image of Concrete Block.
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. Figure 5.9 CT Image of Berea, Mojave and Portland Iron.
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Figure 5.9 .CT Image of Berea, Mojave and Portland Iron.
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Figure 5.10 CT Image ~fQuartz Submerged in Glass Beads.
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Figure 5.10 CT Image of Quartz Submerged in Glass Beads.
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5.3 Fluid Flow ThrougIi Porous Media Experiments
This portion of the study monitors the movement of fluid through porous
media. To obtain the baseline for comparing results, a scan ofthe dry sample was
conducted. The analysis of the fluid movement inside the core is observed by
monitoring bythe changes of the CT numbers. After saturating the sample, scans
were obtained to develop the porosity distribution in the sample by comparing the
dry to the saturated state. Upon reaching complete saturation, the core was flooded
with 20,000 ppm of lead nitrate.' Movement within the sample is determined with
the use of image analysis and processing. The final portion ofthe study was the
..
injection ofclean water to remove the lead from the Berea core.
Radiographs were taken before detailed CT-scans sequences were done.
Detailed scans are taken at a higher resolution than that of radiographs. Radiographs
I:S\:J
(Pilots) are trial tests or scans. Pilots give an indication on the quality detailed scans.
to be taken.
PV-WAVB and FORTNER SCIENTIFIC are the two software packages
utilized to analyze the images and to carry out data analysis for this research. All CT
number values outside the diameter of the core were changed to an absolute CT
value of-1000. All computations using the CT numbers were based on the points
belonging to the core thus erasing the aluminum ring and the first layer ofpoints that
may be affected by beam hardening or material discontinuities. This portion is then
subtracted from the original matrix and saved as a 512 x 512 matrix, which
minimizes storage and time. Therefore, the average CT numbers of a slice is the
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calculated average of all the points with' a CT number greater than:-1000. Data
processing begins with fixing the limits of the core inside the 512 x 512 matrix ofCT
numbers and calculating the average CT number (CTavg) for every scan.
5.3.1 Dry Phase
After placing the Berea sample into the core holder, CT scans were obtained
of the dry sample. Figure 5.11 illustrates the CT image of the dry Berea Core. This
image illustrates the homogeneity ofBerea sandstone. To further illustrate this
phenomenon, Figure 5.11 plots the histogram of the average CT number and
approximate density for the dry Berea core. In general the CT number ranges from
820 to 920. This small range of CT variation illustrates that the image manipulation
. procedure in PV Wave successfully reduced the effects ofbeam hardening.
Moreover, this plot also indicates that the scanner was properly calibrated for our
sample. Figure 5.12 shows a detailed scan ofthe Dry Berea Sample andrepresents
location B5 in figure 5.11. This image illustratesthe primary features ofRerea
which includes various shades in the gray. In this image, there are two distinct
anomalies represented by the bright white region. The anomalies may result from
the iron deposits in the ~erea. Figure 5.13 plots the CT nUI?bers for Figure 5.12. In.
general, the CT numbers for the dry sample range from 820 to 920. The, spike in the
data set represents t~e anom~lies.
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Figure 5.11 CT Images of the Dry Berea Core.
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Figure 5.12 CT Image of Dry Detailed Scan.
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Figure 5.13 Average CT Number dfDry Core.
53
INTENTIONAL SECOND EXPOSURE
')c 50 75 100 125 150175 200225
Column
850 875 900
Pixel Intensity Key
Figure 5.13 Average CT Number of Dry Core.
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5.3.2 Saturation Phase
The core was Vl:}.cuum saturated and scanned periodically along the leJ;igth of
thecore. The core pore volume was measured to be 123-cm3 yielding to a porosity
of 21.2 %. Fifty-six scans were taken of the saturated core at 2-mm' thickness and at
5-mm spacing between scans.
Figure 5.14 shows a saturated Berea Core sample. In comparison to the dry Berea
sample, the saturated sample has an increase in the pixel intensity. Figure 5.14 plots
the average CT number and approximate density for the saturated Berea core. In
general, this figure show~ an increase in the CT number in comparison to the dry
sample. Figure 5.15 illustrates the detailed scan of the saturated Berea core at
location 5 B in Figure 5.14. In comparisonto the dry image, this image is brighter in
pixel intensity. To further illustrate how the saturation ofwater changes the matrix,
Figure 5.16 plots the CT numbers for the detailed scan. In comparison to Figure
5.13, the average CT number ranged from 1000 to 1,120. The anomaly in the figure
is represented by the spike in the data. In general, the saturation of the Berea sample
caused an increase in the CT number of 100-200. The addition ofwater to the
sample matrix also makes the anomaly to become more proriounced.
PV-Wave analysis was conducted on the dry ~~d saturated Berea samples to
determine the porosity. Figure 5.17 illustrates a porosity distribution obtained from
the subtracting of dry images from saturated images. Figure 5.11 is subtracted from
Figure 5.14 which have a range ofpixel number 820 to 920 and 1000 to 1100
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respectively. Figure 5.17 has a CT range of 150-200. Figure 5.18 illustrates the CT
image of a single detailed porosity scan. This image is much darker than the image
in Figure 5.12 and Figure 5.15. Figure 5.19 plots the CT numbers for the detailed
porosity scan shown in Figure 5.18. The CT numbers for this plot were obtained by
subtracting the CT numbers obtained in Figure 5.13 from the CT numbers obtained
in Figure 5.16. Finally, Figure 20 illustrates dry, saturated and porosity scans
obtained. By subtraction ofdry images from saturated images, a porosity ranging
from 17 percent to 24 percent was obtained.
\
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---- ---_._-----
56
-------------------
.Figure 5.15 CT Image of Wet Detailed Scan.
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Figure 5.17 Berea Core Porosity Distribution.
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Figure 5.18 CT Image of Single Detailed Porosity Scan.
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Figure 5.20 . CT Images ofDry Scan, Wet Scan and Porosity Scan.
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Figure 5.21a Vertical Reconstruction of the Wet Core.
5.21b Vertical Reconstruction of the Dry Core.
(
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5.3.3 Lead Flooding Phase
In the third phase, the water-saturated core was injected with lead. The flood
stages are clearly shown along the length of the core. The lead has a high CT, and it
appears as bright regions on the images; The lead flooding was done at a rate of 5
cm3/min with pilots taken at 2,3,5,8 and 10 minutes after the start of the lead
flooding. Twenty-eight coarse scans were taken at I-em spacing whereas twenty-
one detailed cans were taken at 2-mm spacing. Coarse scans were repeated after the
core was left to sit for approximately 4.5 hours.
The effluent was collected and used to obtain data for the breakthrough
curves. Four samples were collected every 10 minutes apart at a rate of 5cm3/min.
All additional forty-two 2.5 cm3 samples were collected. Finally, 28 lead scans were
taken which showed a definite increase in CT number since more lead had migrated
.along the core.
. Figure 5.21shows a Vertical CT scans ofBerea core during the flooding of
the core with lead at 40 minutes at locations 1010 through 1150. The reconstructed
appears homogeneous for both the wet and dry scans. Figure 5.22 shows detailed
I .
vertical reconstruction ofBerea Core during the flooding of the core with lead at
locations 950 through ·1150. The brig4ter images ~epresent the areas where the lead
has displaced-the water. Figure 5.23 shows a Vertical reconstruction of the lead
flooding of core at location 950 through 1150. Figure 5.22 highlights the lead front
as it moved through the sample. Figure 5.24 shows reconstruction of lead stages at--
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1487, which corresponds to the end of the core. Figure 5.24 shows the longitudinal
movement of the lead within the Berea core. The figure clearly shows the area of
high lead concentrati?n versus saturated areas. The lead displaces the water as a
steady rate. The Figure 5.26 shows a breakthrough curve for lead through Berea
//
. Core. Figure 5.25 illustrates a reconstruction of the lead stages of injectIon. The
figure shows the movement of the lead front with .respect to time. The relative
contamination approaches.a.8 after one hour of lead flooding. After 16 minutes lag
time, the lead began to breakthrough.
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Figure 5.22 Vertical CT Scans of Berea Core During the Lead Flooding
at 40 Minutes at Locations 1010 Through 1150.
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Figure 5.23 Detailed Vertical Reconstruction of Berea Core During the Lead
Flooding at Locations 950 Through 1150.
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Figure 5.24 Vertical Reconstruction of the Lead Flooding of Core at end of
core.
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Figure 5.25 I Reconstruction of Lead at l487.
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Figure 5.26· Breakthrough Curve for Lead Flooding of Berea Core.
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5.3.4 Water Flooding Phase
After 2 pore volumes of lead were inject~d, the sample was then flooded with
water. The unloading process started shortly after the lead flooding stopped. The
core was scanned at various time intervals as water was injected at 5 cm3/min. The
first effluent sample was collected at twenty-one minutes after the phase was started.
The water injection was stopped after2 pore volumes. Finally, twenty~eight scans
I
were taken of the sample core.
A series of scans are shown for the recovery phase. Figure 5.26 shows
horizontal CT scans ofBerea Core during the unloading phase at location 1020
through 1100. Detail of the water replacing lead in the matrix is highlighted in the
reconstructions shown in~igure 5.27. The core had an average CT number of 1046
when the sample was first saturated followed by a first lead scan of 1098. The CT
-----~~--~----~ -----
number increased to approximately 1110,' After the lead flooding, 2 pore volumes of
water was injecte4 into the core. The average CT number of the core retumedto
1062. This illustrates that there was a residual concentration of lead in the Berea
core. Figure 5.27 shows the wash out curve for the Berea core. After 2 pore
volumes ofwater, the relative contaminant concentration was approximately 0%.
'.1.
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Figure 5.27 Horizontal CT Scans of Berea Core During the Unloading Phase
atLocation1020 Through 1100.
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Chapter 6
Conclusions
The purpose of the research was two fold:
I) Develop calibration curves for salt solutions, dry and saturated soils, and
rock.
2) Study of fluid flow in porous media utilizing the X-ray CT was the
purpose of this research. Two-phase flow experiments were conducted
using layered sandstone cores. Reconstruction ofboth lead flooding and
water flooding were performed after collection of data. The following
conclusions were made.
a. The recovery of water during lead flood and the recovery of lead
water during the water flood were at a constant rate.
b. The recovery of the displaced water during the lead flood at
breakthrough was at a constant rate as expected since the lead
easily displaced the water. As the water was displaced, the scans
showed that the CT numbers increased as the lead migrated within
the core.
c. Computation ofCT for .contaminated samples can be conducted.
The porosity of the sample would have to be known. The CT
number of the following materials would have to be known:
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For future research on this topic, there are other variables that should be
focused on to get good results. Some of those variables are particle size, packing
methods or permeability homogeneities, viscosity ratios, and gravity forces.
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Appendix A
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Figure A.I CT Image of Sample Orientation.
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Figure A.2 CT Image of Aluminum Nitrate.
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Figure A.2 CT Image of Aluminum Nitrate.
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Figure A.3 CT Image of Calcium Nitrate.
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Figure A.4 CT Image of Copper Nitrate.
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Figure A.4 CT Image of Copper Nitrate.
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Figure A.5 CT Image of Iron Nitrate.
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Figure A.S CT Image of Iron Nitrate.
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Figure A.6 CT Image of Lead Nitrate.
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Figure A.7 CT Image of Nickel Nitrate.
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Figure A.8. CT Image of Sodium Nitrate.
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Figure A.8 CT Image of Sodium Nitrate.
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Figure A.9 CT Image of Zinc Nitrate.
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Figure A.9 CT Image of Zinc Nitrate.
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Figure A.tO CT Image of Calcium Chloride.
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Figure A.10 CT Image of Calcium Chloride.
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Figure A.ll CT Image of Copper Chloride.
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Figure A.l1 CT Image of Copper Chloride.
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Figure A.12 CT Image of Sodium Chloride.
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Figure A.13 CT Image of Silica Sand at a dry density of 103.3.
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Figure A.14CT Image of Glass Beads.
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AppendixB
Dry and Saturated Berea Core
- ..
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Table B.l Chronological Sequence of Phased Scanning.
Phase Phase # Type Location Resolution Thickness Time Spacing
# Name of of (mm) (mm) (min) (min) (mm)
Scans Scan
1 Dry 2 Pilot 1487 10 1 40 10
1 Dry 1 Coarse 1259 10 1 5 10
1 Dry 11 Coarse 1150 - 10 1 30 10
1200
1 Dry 56 Detailed 1150 - 5 2 120 5
1425
2 Wet 55 Detailed 1150 - 5 2 90 5
1425
3 Lead 5 Pilot 1487 10 1 28 10
3 Lead 1 Pilot 1487 10 1 10 10
3 Lead 2 Coarse 1150 - 10 1 15 10
1160
3 Lead 28 Coarse 1150 - 10 1 90 10
1420
3 Lead 21 Detailed 1220 - 2 2 270 2
1260
3 Lead 1 Error 1150- 10 10 3 10
1420
3 Lead 28 Coarse 1150- 10 10 120 10
1420
--"- -~.- ------- -----
-----
- .~-------- ---
-I--
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TableB.2 Chronological Sequence of Phased Scanning.
Phase Phase # Type .Location- . Resolution- -Thickness Time Spacing
-- -
---
# Name of of (mm) (mm) (mm) (min) (mm)
Scans Scan
3 Lead 10 Error
-- -- -- - --
3 Lead 21 Detailed 1220- 2 2 120 2
1260
3 Lead 14 Pilot 1487 10· 10 26 10
3 Lead 20 Detailed 1420 2 2 40 2
3 Lead 28 Coarse 1150- 10 10 30 10
1420
4 Lead 11 Pilot 1487 10 10 23 10
Unload
4 Lead 16 Detailed 1420 10 2 30 10
Unload
Lead 28 Detailed 1150 - 10 2 60 10
Unload 1420
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Figure B.I CT ImageofDry Berea Core at1150.
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Figure B.1 CT Image of Dry Berea Core at 1150.
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Figure B.2 CT Image ofDry Berea Core at 1155.
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Figure B.2 CT Image of Dry Berea Core at 1155.
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Figure B.3: CT Image of Dry Berea Core at 1160.
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Figure B.3: CT Image of Dry Berea Core at 1160.
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FigureBA CT·Image ofDry Berea Core at· 1165.
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Figure BA CT Image of Dry Berea Core at 1165.
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-~FigureB.5·· .. CT-Image ofDry Berea Core at U70.
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Figure B.5 CT Image of Dry Berea Core at 1170.-
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Figure R6 CT Image ofDry Berea Core at·1400.
104
o 100 200 300 400 500
col
. ~.:r:t.,
. .,..~~t,
800 825 850 875 900 92.'
Pixel Intensity Key
500400300200100o
800 -+---..,.---"r---i------y----,."
925 -r-----------------,
900
~ 875QJ
~
:«:
E-< 850u
. 825
Pixel Location
FigureB.-7- CT Image ofDry Berea Core at 1405.
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Figure B.8 CT Image of Dry Berea Core at 1410. .
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Figure B.9: CT Image ofDry Berea Core at 1415.
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Figure B.10 CT Image of Dry Berea Core at 1420.
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Figure B.ll CT Image of Wet Berea Core at ll50~
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Figure B.12 CT Image ofWet Berea Core at 1155.
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Figure B.13 . CT Image of Wet Berea'Core at 1160.
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Figure B.14 CT Image of Wet Berea Core at 1165.
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Figure B;15-~CT Image ofWet Berea Coreatl170.- .
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Figure B.16 CT Image of Wet Berea Core at 1400.
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FigureB.17 . CT-Image of Wet Berea Core at 1405.
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Figure B.lS CT Image of Wet Berea Core at 1410.
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AppendixC
Lead Injected Core and Flooding
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Figure C.1 Detailed CT Image of Lead Injected Berea Core.at 1220.
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Figure C.2 Detailed CT Image of LeadInjected Berea Core at 1222.
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.Figure C.3 Detailed CT Image of Lead Injected Berea Core at 1224.
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Figure C.4 Detailed CT Image of Lead Injected Berea Core at 1226.
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Figure C.5 Detailed CT Image of Lead Injected Berea Core at 1228.
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Figure C.7 Detailed CT Image of Lead Injected Berea Core at 1232.
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Figure C.8 Detailed CT Image of Lead Injected Berea Core at 1234.
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Figure C.9 Detailed CT Image of Lead Injected Berea Core at 1236.
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Figure C.IO Detailed CT Image of Lead Injected Berea Core at 1238.
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Figure C.ll Final Detailed CT Image of Lead Injected Berea Core at 1420.
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Figure C.12 Final Detailed CT Image of Lead Injected Berea Core at 1420.
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Figure c.n Filial Detailed CT Image of Lead Injected Berea Core at 1420.
130
o
5.0
100
150
200·
~ 250
I.l
300
350
400
450
500
o 50 10(15C2 0(2 5C3 0(3 5C40(45C500
col
t>.
.- ~'::; ~ ~
.- ~.. '
1050 1063 10751088 11001113 1125
Pixel Intensity Key
1125
1113
I.l 1100
QJ
~ 1088
:<::
E-o 1075
u
1063
1050
-
- .~ ~- ~~
-
.-
-
- .
-
I I I I I I I I I
o 50 10115C2 012 5C3 013 5C40145C500
Pixel Location
Figure C.14 Final Detailed CT Image of Lead Injected Berea Core at 1420.
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Figure C.1S Final Detailed CT Image of Lead Injected Berea Core at 1420.
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Figure C.16 Final Detailed CT Image of Lead Injected Berea Core at 1420.
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Figure C.17 Final Detailed CT Image of Lead Injected Berea Core at 1420.
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Figure C.18 Final Detailed CT Image of Lead Injected Berea Core at 1420.
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Figure C.19 Final Detailed CT Image of Lead Injected Berea Core at 1420.
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Figure C.20 Final Detailed CT Image ofLead Injected Berea Core at 1420.
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Figure C.21 Final Detailed Scan of Water Flooding at Location 1400.
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Figure C.22 Final Detailed Scan of Water Flooding at Location 1410.
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Figure C.23 Final Detailed Scan of Water Flooding at Location 1420.
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VITA
Marvin Charles Bennett was born to Greta Viola Bennett and Charles Gumbs on
November 29, 1971 in Basseterre, St. Kitts, West Indies. Marvin was an honor
graduate from Compton Community College with an Associate in Arts degree in
June of 1994. He later attended Morgan State University in Baltimore, Maryland
where he earned his Bachelor's of Science degree in Civil Engineering in May of
1998. Marvin was on the Dean's List for his entire collegiate teilUre. The Civil
Engineering Department awarded him with an Academic Achievement Award in
May of 1998 for continpous outstanding performance in civil engineering.
Additionally, Marvin was also a Pre~idential Scholar while at Morgan State
University. Marvin C. Bennett continues to be 'a distinguish~d member ofrau Beta
Pi -National Honor Society.
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